IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 3, MARCH 2011

REFERENCES

[1] L. Piazzo, “Fast algorithm for power and bit allocation in OFDM sys-
tems,” Electron. Lett., vol. 35, no. 25, pp. 2173-2174, Dec. 1999.

[2] W.T. Vetterling, W. H. Press, S. A. Teukolsky, and B. P. Flannery, Numer-
ical Recipes in C. Cambridge, U.K.: Cambridge Univ. Press, 1992.

[3] M. Mohammadnia-Avval, C. Snow, and L. Lampe, “Error-rate analysis
for bit-loaded coded MIMO-OFDM,” IEEE Trans. Veh. Technol., vol. 59,
no. 5, pp. 2340-2351, Jun. 2010.

[4] L. Piazzo, “Fast optimal bit-loading algorithm for adaptive OFDM

systems,” Univ. Rome, Rome, Italy, INFOCOM Dept., Tech. Rep. 002-

04-03, 2003. [Online]. Available: http://infocom.uniromal.it/~lorenz/

rep02-04-03.ps

J. Campello, “Discrete bit loading for multicarrier modulation systems,”

Ph.D. dissertation, Stanford Univ., Stanford, CA, 1999.

[5

—_

Effect of Feedback Delay on Amplify-and-Forward
Relay Networks With Beamforming

Himal A. Suraweera, Member, IEEE,
Theodoros A. Tsiftsis, Senior Member, IEEE,
George K. Karagiannidis, Senior Member, IEEE, and
Arumugam Nallanathan, Senior Member, IEEE

Abstract—In this paper, the decremental effect of beamforming with
feedback delay on the performance of a two-hop amplify-and-forward
(AF) relay network over Rayleigh-fading channels is investigated. An an-
tenna configuration in which the source and the destination are equipped
with multiple antennas, whereas the relay is equipped with a single an-
tenna, is assumed. We derive new expressions for the outage probability
and the average bit error rate (BER), which are useful for a large number
of modulation schemes. To gain further insights, simple outage probability
and average BER approximations at high signal-to-noise ratio (SNR) are
also presented. It is shown that, whenever a feedback delay exists, the
network is not capable of offering diversity gains. Furthermore, source and
relay power allocation results show significantly different behavior with
feedback delay. Numerical results supported by simulations are provided
to show that feedback delay can severely degrade the performance of the
considered AF relay system.

Index Terms—Amplify-and-forward (AF), average bit error rate (BER),
beamforming, feedback delay, relays.

I. INTRODUCTION

Wireless communication systems can benefit from relay deployment
since the technology promises extended signal coverage, improved
throughputs, and spatial diversity [1], [2]. One of the relaying pro-
tocols described in the literature is amplify and forward (AF). The
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performance of single-antenna AF relay networks has now been well
investigated [3]-[5].

Work such as [6] has also demonstrated that significant benefits
can be gained if multiple antennas are deployed in relaying networks.
A practical transmission scheme for AF relaying systems employing
multiple antennas is beamforming [7]—[13]. The performance of beam-
forming against relay selection, considering both unlimited and limited
feedback, has been studied in [7]. In [8], the performance of a two-hop
relay network with transmit beamforming at the source and maximal
ratio combining (MRC) at the destination has been analyzed. The
performance of the same system, by considering antenna correlation
effects at the source and the destination, is reported in [9]. In [10],
the outage performance with beamforming, considering only limited
feedback, has been studied. In [11], the performance of a two-hop fixed
gain network over Nakagami-m fading channels has been analyzed. In
[12], assuming the absence/presence of the source—destination direct
link, optimal beamforming codebook designs for an AF relay system
with limited feedback was presented. In [13], a practical scenario in
which a multiantenna-equipped source is communicating to a single-
antenna-equipped destination via a relay has been considered. Despite
the significant practical interest, the authors in [13] have limited their
analysis to a situation of perfect channel state information (CSI) at the
source.

In beamforming systems, the received signal-to-noise ratio (SNR)
maximization is achieved by providing CSI to the transmitter. In
frequency-division-duplex systems, such knowledge is provided by the
feedback of CSI from the receiver to the transmitter. Feedback involves
delay, and as a result, in practice, the available CSI at the transmitter
and the actual channel may be different. The use of outdated CSI for
beamforming degrades the system performance. Although this perfor-
mance degradation for point-to-point systems is now well understood
(see, e.g., [14]) and for partial relay selection [15], so far, in the
existing literature, the effect of feedback delay on the performance of
AF relaying with beamforming has not been investigated.

In this paper, the effect of feedback delay on the end-to-end perfor-
mance of a two-hop AF relay network where multiple antennas at the
source are used for beamforming is investigated. We derive closed-
form expressions for the system’s outage probability and the average
bit error rate (BER) applicable for a range of modulation schemes. To
gain valuable insights, in the high-SNR regime, we also present as-
ymptotic outage probability and average BER expressions. The impact
of different antenna configurations, feedback delay, and SNR imbal-
ance on the performance is illustrated through some analytical results.

II. SYSTEM MODEL

Consider a wireless network where a source S equipped with N,
antennas communicates with a destination D equipped with [V,. anten-
nas through a single antenna relay R [8], [9], [11]. In this network, we
assume that S does not have a direct link to D. The communication
from S to D via relay R takes place in two time slots. In the first time
slot, S beamforms its signal to R. The received signal at R can be
written as

yr(t) = VPiwlh,, (t)z(t) + ni(t) (1)

where z(t) is the data symbol, P; is the transmit power, h,,.(t) =
[RL.(),..., ANt (2)]" is the channel vector from S to R with Rayleigh
fading entries, and n, (¢) is the additive white Gaussian noise (AWGN)
at R with one-sided power spectrum density o2. The transpose and
the conjugate transpose are denoted by (-)7 and (-)f, respectively.
According to the principles of maximal ratio transmission, we choose
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wi = (hg(t = Ty)/||hs,(t — Ta)||r), where || - | ¢ is the Frobenius
norm. Note that w; is calculated from the ourdated channel hg,.(t —
T,), instead of the channel hg,.(¢), with T, being the feedback
delay. The received scalar signal at R is then multiplied by a gain
G/ and transmitted to the destination. The received signal at D is
given by

Pohya(t)G ( Prwih, () + nl(t)) Fa(t) Q)

where P is the relay transmit power, h,.q(t) = [h1,(t),..., ]y (t)]
is the channel vector from R to D with Rayleigh fading entries, and
n,(t) is the AWGN vector at D with one-sided power spectral density
E[ny(t)nl(t)] = 021, . The expectation operator is E[], and I,
denotes the identity matrix of size [V,.. According to the principles of
MRC, we then multiply the received signal yp(¢) by a vector w,. =
(hyq(t)/||/ha(t)||F) and write

TD(t) =

yp(t) =

Py Pywih,q(t)Gwh,, (t)z
Pywih, (t)Gni(t) + wing(t). (3)

Using the CSI-assisted AF relay gain [5], [8]'

G2 = ! 4

Py [[wib [ + o3

and after some manipulations, the end-to-end SNR can be written as

_ Y172 (5)

Jeal 7Tty +1

where 71 = [w]hy, (4)|291, 72 = [hya(t)]|%72. and 5; = (P;/0?)
fori=1,2.

III. PERFORMANCE ANALYSIS

In this section, we derive important performance metrics, e.g., the
outage probability and the average BER for the two-hop network under
investigation.

A. Outage Probability

The outage probability P, is an important quality-of-service mea-
sure defined as the probability that .41 drops below an acceptable
SNR threshold 7. To study the outage probability of (5), it is
necessary to obtain the cumulative distribution function (cdf) Fz (v41)
of the random variable, which is defined as

Y172

= 6
Y1 +72 +c¢ ©

where c is a positive constant. After applying some algebraic manipu-
lations along similar lines as in [8], F'z(v5,) can be expressed as

2
+
/fwl T+ Ytn) ( (’Yth-kW))dm

(O]

where f., (-) and F, (-) denote the probability density function (pdf)
of ;1 and the cdf of ~,, respectively.

7 (V)

In the presence of a feedback delay, the ability of the relay to perfectly
track the current CSI is subjective to the pilot placement arrangement employed
for channel estimation at the relay. Analyzing the impact of any specific pilot
placement on the relay gain and system performance is beyond the scope of the
current work.
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To obtain Fz (1), expressions for the pdf of ; and the cdf of v,
are needed. To model the relationship between h,.(¢) and hg,.(t —
T,), we employ the following widely adopted time-varying channel
model:

h,, (t) = pahsr(t — Ta) + /1 — |pal?e(?) @)

where pg is the normalized correlation coefficient between h?, (t)
and hJ (t—Ty), with j=1,...,N;. The error vector e(t) ~
CN(0,Iy, ), where CN(¢p, E) denotes the complex Gaussian distrib-
ution with mean ¢ and covariance Z, is uncorrelated with hy,.(¢). For
Jake’s fading spectrum, pg = Jo (27 f4T4), where f; is the Doppler
frequency, and Jy(-) is the zeroth-order Bessel function of the first
kind [16, Sec. (9.1)].
The pdf of 7, using [14, (15)] can be written as?

1N (Y ()™ T G (1= [pal?))’
AN Z (N, —i—1)!

1 =0

T (z) =

x

x N7 leTAT (9)

and the cdf of -, is given by

Fl@)=1-¢ Z (10)
Substituting (9) and (10) into (7), we obtain
67(%“";)"&]1
Fz(vm) =1- N~
M1
Ny— i
NS e G (1 )
— (Ny —1—1)!
Np—1 (n J
3 ﬁ?,) 7 (n
Jj=0 It
where

ne / (@ +70) ™ T @ + o+ o) 2
0
e*(w/%)*(’Y?th Ven/TV2) Jpe.

Using the binomial theorem and with the help of the identity [17, eq.
(3.471.9)], we obtain

Ny—i—1 . J .
Ny —1—1 i 7 .
= E ( ! » )’YtNht P 1E <q)(%h+c)] a
q=0

p=0
B 5 p+q;j+1 3
% 92 (’YI (fyth7+ C’yth) ) Kp+q7j+1 (2 %hj—f%h )
2 V Y172
(12)

where K, (-) is the vth-order modified Bessel function of the second
kind [16, Sec. (9.6)]. Now, the outage probability follows by substitut-
ing ¢ = 1 into (12) and then using (11).

Note that the derived outage probability (valid for arbitrary pg) can
be further simplified in many special cases. For example, when D has
a single antenna and the feedback delay goes to infinity, the outage

2]t is noted that, [14, eq. (15)] includes a small typo, which we have corrected
in (9). The power of the term 1 /41 outside the Z must be Nt and not N3 — 1.
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probability can be obtained from (11) and (12) by substituting NV, = 1,
i = N; — 1, and |p4|?> = 0 and is given by

2
h Y172
2
K (ﬁ) o
Y172
B. Outage Probability at High SNR

Although (11) is exact and valid for any given SNR, it is difficult to
gain insights such as the effect of parameters NV; and p, on the outage
probability. Therefore, as 4; and 75 tend to infinity with fixed ratio
1, we can analyze the system’s asymptotic outage probability with the
help of Theorem 1.

Theorem 1: The outage probability at high SNR for p; =1 is
given by?

Nt \F
Ni+1
+ o0 ((?flh) ) 5 Nt < N,
& (1) ()"
P = N1 (14)
+o((;ﬁlh) ) N,=N,=N
1 Ny
uNr N (%)
oy \ N1
to((w)™*), N>
The outage probability for p; < 1 is given by
N¢—1
(1=l 1) ()
+o((m)?), No=1
PN (@1 (22) "
Pd Y1
2
+o((3)7). N, > 1
where pu = (%2/71).
Proof: See the Appendix. |

We observe that a longer delay (low p,) degrades the system
performance by increasing the outage probability. More importantly, in
the presence of feedback delay, no diversity gains can be achieved. In
this two-hop system, the worst link dominates the performance at high
SNR. According to (8), coefficients of the noise vector e(t), although
undesirable, contributes in determining the beamforming weights of
the S — R channel hy,.(¢). As such, although signals from NV, different
paths are received at 12, we do not expect an improvement in the signal
quality since e(¢) is uncorrelated with hy,.(¢).

C. Average BER

For many modulation formats used in wireless applications, the
average BER expressed as E[a Q(1/bYeq1)] is given by

oo 5
a t _2
sziﬂ/F’qul (b)e T dt
0

where a, b>0, and Q(z)= (1/v2m) fzoo e~ W*/2dy s the
Gaussian Q-function. Moreover, our BER derivations can also be

(16)

3We have defined f(z) = o(g(2)), x — zo, if lime—a, (f(2)/g9(x)) =
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extended to square/rectangular M-QAM since P, can be written as

a finite-weighted sum of a Q(/b7Veq1) terms.
To the best of our knowledge, (16) does not have a closed-form

solution. To overcome this, we substitute ¢ = 0 into (11) and tightly
lower bound the average BER as

o [2NE () (a0 lpal?)’
Pb>2\/ZZ (b’}’l) t(Nt_i_l)!

=0

XZ b% Z (Nt—z—1>

Jj=0 p=0

X()()

In a7, J’ £2(Ne—i+5) o= ((1/671)+(1/b52)+(1/2)) ¢

Kpig—ji1((2t /b\/’yl’)/Q ))dt. Applying a simple variable
transformation and using [17, eq. (6.621.3)], Z, has a closed-form

solution given by

VA(202)™

p+q Jj+1

A7)

L1 +n2)T(m — n2)

I =
27 200 + o)t I (nm+3)
1 1 (e %) Ofg)
F . 8
X 9 1(771+7727772+27771+27a1+a2 (13)
where  m =Ny, —i+j+(1/2), m=p+q—j+1l, ar=
(1/671) 4+ (1/b72) + (1/2), az = (2/by/F172), I'(2) is the gamma

function, and oFi(-,-;-;-) is the Gauss hypergeometric function
[16, eq. (15.1.1)].

D. Average BER at High SNR

Asymptotic analysis on relaying networks are important since such
studies provide valuable insights that are useful to design engineers.
It is shown in [18] that, at high SNRs, the error performance can
be calculated based on the behavior of the pdf of the instantaneous
channel power gain around zero. First, consider the case of p; = 1.
By following [18, Prop. (1)] and using (14), the average BER in the
high-SNR regime can be expressed as*

29qU T (g + 32 _
P = \/(E 2) (bf’yl)*<q+1> +o (’71 (q+2)) (19)
where ¢ = min(N, N,.) — 1, and
ﬁ? Nt < Nr
U = %(1+ﬁv), N,=N,=N (20)
TN Ny > N,.

Equation (19) implies that the array gain (G, and the diversity gain G4
can be written as

1

(T )
V&3
G4 = min(Ny, N,.).

2n

(22)

4A high-SNR average-symbol-error-rate approximation has also been pre-
sented in [8, eq. (18)]. However, our expression is much simpler and clearly
shows how network parameters affect the system’s error performance at
high SNR.
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Fig. 1. Outage probability for various antenna configurations. f;7y = 0.1,
J1 = 3dB, and 2 = 7 dB.

From (22), we can infer that beamforming with no feedback de-
lay can achieve the maximum possible diversity order of this
system [8].

Now consider the case of p; < 1. The average BER in the high-SNR
regime is given by

B g o i)
where
. (T =lpa™ '+ 4), No=1 o
L@ =™, N, >1.

Equation (23) implies that the G, and G4 of the system with
feedback delay can be written as G, = (2b/ay)) and G4 =1,
respectively.

IV. NUMERICAL AND SIMULATION RESULTS

In this section, we confirm the derived analytical results through
comparison with Monte Carlo simulations and discuss the impact of
feedback delay on system’s performance. We assume Jake’s fading
spectrum, and in the examples, pg = 0.903,0.642, and 0.472 corre-
spond to f;73 = 0.1,0.2, and 0.3, respectively.

Fig. 1 shows the outage probability for various antenna configura-
tions. We see that the analytical results obtained using (11) exactly
match the simulations. As expected, the outage probability is signifi-
cantly improved as the number of antenna increases. Thus, deployment
of multiple antennas improve the performance of this network.

Fig. 2 shows the outage probability for various feedback delays.
We see that a large feedback delay can significantly degrade system
performance. When the feedback delay is large, the system’s outage
performance is mostly determined by low SNR thresholds. The outage
curves shift to high SNR thresholds when the feedback delay tends
to zero, indicating that the system performance improves for small
feedback delays.

Fig. 3 shows the outage probability using source and relay power
allocations (3 using our analytical results in (11). In particular, we
set 1 + 72 = 7 and have 7; = 37 and 72 = (1 — 3)7. As expected,
with no feedback delay (ps = 1), equal power allocation (5 = 0.5) is

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 3, MARCH 2011

p, = 0472

<
=2}

Outage Probability
o o
L= w

\ p, =0.903 |

py =1

<o
w

0.2 _
0.1 Analytical -
® Monte Carlo Simulation
06 \ T T
0 2 4 6 8 10

Yth

Fig. 2. Outage probability for different pg’s. Ny = N, = 3,71 = 3 dB, and
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Fig. 3. Outage probability for different 3’s with Ny = Np =2, v, =
—5dB, and ¥ = 20 dB.

optimal, i.e., yields the lowest outage probability. This observation is
expected since, for the considered antenna configuration (equal num-
ber of antennas at the source and the destination), the network is sym-
metrical with respectto S — R and R — D link SNRs. However, inter-
estingly, when there is a feedback delay, 5 = 0.5 yields a suboptimal
result. The optimal (3 is close to 0.9. The optimal 3 slightly changes
for different p,’s. In the presence of feedback delays, the S — R and
R — D links are not symmetrical. The S — R link is weaker, compared
with the R — D link, and becomes the bottleneck for the network’s
performance. Therefore, to improve the performance, more power
must be allocated to the S — R link. For large feedback delays (pq =
0.2 — 0.6), the outage probability is barely affected by the variations
of 3. For example, when p,; = 0.2, the outage probabilities at 3 =
0.1 and 0.9 are approximately 3 x 1072 and 4 x 1073, respectively.
However, when the feedback delay is decreased (pg = 0.8 — 1), the
situation is significantly improved. When a large feedback delay exists,
the S — R link is severely weakened, and although allocating more
power to the S — R link improves the system’s outage probability, it
does so marginally. Fig. 3 also shows that, for the given ’s in the range
of 0.1-0.9, when a large feedback delay exists (pq = 0.2 — 0.6), only
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r=2. pq=

a marginal improvement in the outage probability can be observed. As
such, efficient feedback schemes to counteract the effect of feedback
delay must be developed.

Fig. 4 shows the average BER of binary phase-shift keying (BPSK)
modulation for various feedback delays. We have also plotted the
simple approximations presented in (19) and (23) to illustrate their
utility to compare the system’s performance at high SNR. We see
that the analytical results obtained from (17) complement Monte Carlo
simulations in most of the SNR regions. Analytical results are accurate
for all but very low SNRs, i.e., 4; > 5 dB. Fig. 4 shows that feedback
delays introduce a significant amount of BER loss. This can be seen
by comparing the ideal case without feedback delay against feedback
delay scenarios. In the ideal case, the system enjoys a third-order
diversity gain, whereas with feedback delay, no diversity gains can
be achieved. For example, a feedback delay of f;7,; = 0.1 causes an
SNR loss of approximately 15 dB at a BER of 10~°. Higher feedback
delays further degrade the performance, as can be seen from cases
ded =0.1and 0.2.

Finally, in Fig. 5, we show the impact of power allocation on
the average BER performance. Again, for the considered antenna
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configuration, the results are different from the case of no feedback
delay in two ways: First, we see that equal power allocation (3 = 0.5)
does not provide the minimum average BER. Second, depending on ¥,
different § values give the lowest average BER. Results not provided
for the case of no feedback delay showed that 8 = 0.5 gives the
lowest BER for all 7. Therefore, the impact of feedback delay must be
accounted for in the system design phase of AF relay networks. Since
feedback delay is unavoidable in some practical cases, it must be kept
at a very low level so that the performance of AF relay networks with
beamforming is not degraded.

V. CONCLUSION

Beamforming performance of AF relay networks under perfect
conditions has been well studied in the available literature. In contrast,
we have investigated the effect of outdated CSI due to feedback delay
on the performance of a two-hop AF relay network with beamforming.
We have derived new expressions for the system’s outage probability
and the average BER. Accurate outage probability and average BER
approximations parameterized by the number of transmit antennas, the
number of receive antennas, and the normalized correlation coefficient
pa were also derived to quantitate the diversity and array gain at
the high SNR region. It was shown that feedback delay is highly
decremental to the system’s performance since no diversity advantage
can be achieved. Investigations into source and relay power allocation
revealed that the optimal solution that minimizes the outage proba-
bility with feedback delay does not follow the equal power allocation
strategy, as in the case with no feedback delay.

APPENDIX
OUTAGE PROBABILITY AT HIGH SIGNAL-TO-NOISE RATIO

In this Appendix, we obtain a first-order expansion expression for
Fq1 (en). To do so, the following lemma is useful.
Lemma 1: The cdf of veq2 = min(y;,72) has the same first
nonzero Taylor series coefficients around zero as the cdf of 7eq1.
Proof: The proof for the case of ¢ = 0 is given in [5, Appendix].
The proof for ¢ = 1 follows similar steps and is omitted. |
To proceed, we note that the cdf of .42 can be written as

F’quz (ven) =1—-(1— Fy, (ven)) (1 = F, (Ven)) - (25)
The cdf of ; can be derived using (9) as
Ne—1 — .z
By (x)=1- (‘Pd|2) e
Ny—1 i Np—i—1 [ 2 \J
Ne—1Y (1= |pal? ()
X . _ ——. (26)
Z ( i > ( lpal? J!

i=0
Therefore, I, (7in) can be written as

F’qu2 (ryth)
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Now, we consider several cases of interest: 1) no feedback delay
(pa = 1). F,, (71n) can be simplified as

Ne—1 (wﬂ,)f

_m
F’qu2 (’Yth) =1- e 7 Z 'Y]l'
j=0
Nr—1 (n k
ot Jth
< le Y (”,fj,) (28)
k=0 ’
Substituting 7 = p7y; and z = ('Yth/’_h), we write
Ny—1 .
—(1+L )= 7
Froa () = Fx(@) = 1— ¢~ (F3)7 (37 >
j=0
= (2)”
M
< (D) @
k=0

We see that the behavior of I, (7¢n) for large 4; and 75 is equivalent
to the behavior of Fx(z) around x = 0. Using the McLaurin series
expansion for the exponential function in (29) yields

N
x ( St o(er“)) (30)
If N, < N,., we have
Fx(x) = Nit!a:N“ + o(zNtth), (31)
Now, if N; > N,., we have
Fx(z) = ﬁaf\’r +o(z™Nr ) (32)
and if N; = N,. = N, we have
(1 + ﬁ)
Fx(z) = ~———22" + o(zV ). (33)

N!

Now, consider the case of arbitrary feedback delay, i.e., pg < 1; we
can express Fx () as

(N (1=l
Ne—1 _, — -
po=1-( (o) e Y (M) ()

i=0
Ne—i—1 . Np—1 (z\k
x j—j e H Z (‘];') (34)

k=0

Collecting only the first-order terms yields

Fx(@) =1~ (Jpa?)™" " (1 -2+ o(s?))

x Ni? N =1\ (1= lpa?)'
i pal?

i=0

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 3, MARCH 2011

(35)

Simplifying (35), Fx (x) can be expressed as

Fx(z)=1- (1 (1= 1pa?)™ 0(962))

e Nyt 36
X fero(m ). (36)

Now, for N,. = 1, we get

Ni— 1
Fy(z) = ((1 - |pd|2) Ty M) x + o(2?) 37)
and for N,. > 1, Fix(x) can be simplified as
N, —
Fx(z) = ((1— pal®)™ 1) z + o(z?). (38)

Now, by substituting = (Yt /71) into (31)-(33), (37), and (38) and
using Lemma 1, the desired results can be obtained.
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Spatial Fading Correlation for Local Scattering:
A Condition of Angular Distribution
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Abstract—Local scattering in the vicinity of the receiver or the trans-
mitter leads to the formation of a large number of multipath components
along different spatial angles. A condition of angular distribution, which
is valid for only a uniform linear array, is proposed in this paper to
justify whether the spatial fading correlation (SFC) remains simple as a
Bessel function. If an angular distribution satisfies the condition, a class
of angular distributions is revealed and results in simplifying the analysis
of the SFC. To demonstrate its practical use, we apply the condition to
several angular distributions that are considered in previous works. It
is found that cosine and von Mises distributions follow the condition,
whereas uniform, Gaussian, and Laplacian distributions do not satisfy the
condition, and then, one needs to calculate the sinusoidal coefficients in the
SFC computation.

Index Terms—Antenna array, local scattering, spatial fading correlation
(SFC).

1. INTRODUCTION

In wireless communications, local scattering around the transmitter
or the receiver leads to the formation of a large number of multipath
components. In multiantenna communications systems, the receiver
features the correlation among the impulse responses of different pairs
of antenna elements, namely, spatial fading correlation (SFC), as an
impact on link quality.

The SFC plays an important role in the performance analysis of
a wireless communications system because most of the performance
metrics, e.g., bit error probability [1]-[3] and channel capacity [4]-[6],
depend on it. Therefore, several works pay attention to the SFC of
antenna arrays [7]-[15]. In [16] and [17], the SFC of a circular array
is derived for uniform, cosine, and Gaussian angular distributions,
respectively, which are chosen as the candidates for fitting several
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measurement results. However, the direct computation of the SFC
requires extensive integrations, which are complicated and possibly
infeasible for a complex angular distribution.

In this paper, a condition of the angular distributions is proposed to
justify whether the SFC from a linear antenna array remains simple as a
Bessel function [18, Ch. 1]. For a class of the angular distributions, the
test of the condition requires only differentiations, which are simpler
than the integrations that are required in the direct method. This can
help facilitate the analysis of the fading correlation in the wireless
channels. It is discovered that the proposed condition defines a group
of the angular distributions (see various families of the distributions in
[19, Ch. 7] and [20, Ch. 5]). It means that, if an angular distribution
satisfies the condition, the SFC remains only a simple form for the
calculation. To demonstrate its usage in practice, we apply the con-
dition to several angular distributions that are considered in previous
works. It is found that the cosine and von Mises distributions follow the
condition, whereas the uniform, Gaussian, and Laplacian distributions
do not satisfy the condition, and then, one needs to calculate the
sinusoidal coefficients in the SFC computation.

The gap between this paper and the previous works can be seen
as follows: The SFC in various environments is studied in [7]-[15].
The effects of the SFC on the system performance are investigated in
[1]-[6]. In [21], [22, Sec. 2.2.2], and [23], tedious calculation is
avoided by approximating the SFC for a small angular spread. The
contributions of this paper are summarized here.

1) A condition is proposed to test the angular distribution of local
scattering in the vicinity of the transmitter or the receiver, which
can happen in the multipath channels that take into account the
spatial angle observed by a uniform linear array.

2) The test requires only differentiations instead of integrations.
For a class of the angular distributions, the solution of the SFC
is known a priori as a simple form of the zeroth-order Bessel
function. The proposed condition can be applied to any angular
distribution, provided that the uniform linear array is taken into
account.

For another class of the angular distributions that do not satisfy the
proposed condition, we also provide the derivation of the sinusoidal
coefficients for ¢ € (—m, 7|. Although we consider in this paper the
azimuth plane ¢ € (—, 7] [18], the scattering over the half-circle ¢ €
(—=(1/2)7, (1/2)~] [24], as well as the 3-D scattering, can be extended
in a straightforward treatment based on our derivation idea.

Some mathematical notations are involved as follows: E4{-} is
the expectation with respect to ¢, whose probability density function
(pdf) is py(@). Jo(+) and Jy(-) are the zeroth- and kth-order Bessel
functions of the first kind. Io(-) and Ix(-) are the zeroth- and kth-
order modified Bessel functions of the first kind. The error function
erf(z) is defined as erf(z) = (2/y/7) foz e~ du. (+)* is the conju-
gate of a complex argument -. $(-) and () are the real and imaginary
components, respectively. |- | denotes the integer part of a variable -.

II. SPATIAL CORRELATION

For the uniform linear array, the time delay at the nth antenna
element is given by

1 .

P = Ed(n — 1) sin(¢) (1)
where c is the wave propagation speed, which is herein equivalent to
the speed of light; d is the distance between adjacent antenna elements;
and ¢ is the direction of the emitting or incoming ray, which is
measured from the perpendicular axis of the array. The received signal

0018-9545/$26.00 © 2011 IEEE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


